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Abstract 21 

Three newly synthesized Schiff base derivatives, sodium (E)-4-(nitrobenzylideneamino)-22 

benzoate (SNBB), sodium (E)-4-(benzylideneamino)-benzoate (SBB), and sodium (E)-4-23 

(hydroxybenzylideneamino)-benzoate (SHBB) were investigated as pitting corrosion inhibitors 24 

for 304 stainless steel in neutral 0.1 M NaCl. Potentiodynamic polarization evidenced major 25 

shifts in pitting potential to more positive values with increasing inhibitor concentration. The 26 

scanning vibrating electrode technique (SVET) imaged metastable pitting in 0.1 M NaCl, but not 27 

in the presence of the inhibitor, indicating that it prevented pit nucleation. The inhibition 28 

performance was established under anodic polarization conditions, because only minute local 29 

anodic activity due to metastable pit formation could be observed when the steel was exposed to 30 

SNBB-containing solution, whereas the metal would undergo pit propagation at the same 31 

potential in the inhibitor-free solution. X-ray photoelectron spectroscopy (XPS) analysis 32 

evidenced chromium enrichment at weak points (pores) of the passive film at anodic polarization 33 

condition where sudden release of Fe cations is possible. In this way, the SNBB molecules will 34 

migrate to these sites to react with the Fe ions and form a chelate compound which will deposit 35 

finally at those sites and plug them, whereas no effect occurred at the open circuit potential 36 

(OCP).  37 

 38 

Keywords: 304 stainless steel; Schiff bases; Corrosion inhibition; SVET; XPS; Pitting corrosion. 39 

40 
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1. Introduction 41 

Austenitic stainless steel (SS) is one of the most ubiquitous metallic materials due to its 42 

high corrosion resistance and strength, hygienic and aesthetic qualities, relative low cost, good 43 

formability, and weldability [1,2]. It is thus commonly found in a wide variety of applications 44 

such as chemical engineering, metal extraction industries, desalination and wastewater treatment 45 

plants, the oil and gas industry, transportation and aerospace industries, the food and beverage 46 

industry, and architecture and building engineering. It is well known that the high corrosion 47 

resistance of SS is related to the formation of a thin, adherent and protective passive film that 48 

forms rapidly on the surface [3,4]. Unfortunately, in the presence of certain aggressive ions like 49 

chlorides, the corrosion resistance of passive stainless steel is limited by local breakdown and pit 50 

nucleation [3]. In this form of corrosion, passivity breakdown occurs on small areas of the metal 51 

surface whereas the rest remains passive. Since nucleated pits occur on the microscopic scale and 52 

are frequently hidden by corrosion products, pitting corrosion is one of the most dangerous and 53 

widespread forms of localized corrosion in metals that often remains undetected producing 54 

catastrophic failures by perforation, or initiating stress corrosion cracks [4-6]. Breakdown is 55 

more likely to happen at susceptible sites in the passive film such as inclusions, second phase 56 

particles, flaws, and solute-segregated grain boundaries [7-9]. It is well known that pitting 57 

corrosion predominantly affects metals which are in the passive state, including various stainless 58 

steels, and the formation of corrosion pits is initiated by a pit nucleation step followed by two 59 

distinguishable propagation stages (namely, metastable growth and eventually stable growth). Pit 60 

initiation and transition to stability are the key factors controlling the overall pitting corrosion 61 

phenomenon [3,10,11]. 62 

An efficient and economical method of reducing metal dissolution in aggressive 63 

environments is the use of corrosion inhibitors [12]. A large number of organic molecules 64 

containing electronegative functional groups, such as π-electron systems (e.g., double or triple 65 

bonds, and aromatic rings) and/or heteroatoms (namely, N, S, P, O) have been proposed for the 66 

inhibition of general corrosion of metals [13-19]. However, the use of organic compounds as 67 

pitting corrosion inhibitors in neutral saline solutions remains still rather limited. It is well 68 

known that some organic compounds, especially surfactants, can act as inhibitors against the 69 

localized corrosion for stainless steels. Several mechanisms have been proposed to account for 70 

their inhibition properties, including competitive adsorption on the oxide film between inhibitors 71 
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and aggressive anions [20], interaction between inhibitor cations and the aggressive anions [21], 72 

and pore plugging in oxide films [22]. Guzmán and Lara [8] studied the inhibition behavior of 5-73 

amino-1,3,4-thiadiazole-2-thiol for pitting corrosion of SS in 3.5% NaCl solution and reported 74 

that increasing the inhibitor concentration leads to more positive pitting potentials. Cardona et al. 75 

[23] evaluated the performance of an imidazole derivative as organic inhibitor for pitting 76 

corrosion of 316L SS in sulfuric acid solution at room temperature. They considered the 77 

compound as a good pitting corrosion inhibitor for SS in H2SO4 solution, assuming that the SO42- 78 

ions induce the pitting corrosion process, although this assumption is at odds with other studies 79 

where the SO42- ion is considered to inhibit pitting on metals [24]. Indeed, pitting corrosion of 80 

stainless steels occurs only in the presence of certain aggressive anions, mostly halides, whereas 81 

other non-aggressive anions such as ClO4‾, SO42-, NO32-, and OH‾ seem to inhibit the pitting 82 

corrosion of stainless steels [24,25]. In another study, Loto [26] investigated the performance of 83 

butan-1-ol (BtOH) on the pitting corrosion inhibition of 304 SS in sulfuric acid contaminated 84 

with NaCl, and he showed that BtOH enhanced the resistance of the steel to pitting corrosion. 85 

Alternately, inorganic-based compounds such as chromates and nitrates are also used as pitting 86 

corrosion inhibitors for SS in aggressive media [27,28]; however, the application of these 87 

inorganics, especially chromates and phosphates, is not recommended because of their biological 88 

toxicity [22,29]. Schiff bases and their complexes are non toxic and they find wide application in 89 

food industry, dye industry, analytical chemistry, catalysis, medicine, fungicidal, agrochemical 90 

and biological fields [30-32]. Schiff base derivatives with additional heteroatoms, such as N and 91 

O, and aryl groups, have also been used as corrosion inhibitors [14,17,33], but up to now, their 92 

application as pitting corrosion inhibitors has not been explored. 93 

In this work, we report the synthesis of three novel carboxylic Schiff base derivatives and 94 

their application for the inhibition of the pitting corrosion of austenitic 304 SS. The design of 95 

these Schiff bases was aimed to improve their solubility in water and to enhance their 96 

coordination with the metal surface. These compounds containing the N and O heteroatoms, the 97 

imine group, and two benzene rings, were synthesized from the reaction of para-amino benzoic 98 

acid with selected aromatic aldehydes containing different functional groups in their para-99 

position, with the aim of evaluating the effect of the functional group on inhibition performance 100 

of the Schiff base. The actual chemical structure of these inhibitors was confirmed using proton 101 

nuclear magnetic resonance (1H NMR), and Fourier-transform infrared spectroscopy (FT-IR). 102 
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The inhibition efficiency of these compounds as pitting corrosion inhibitors for 304 SS in 103 

aqueous chloride solution was examined using a multiscale electrochemical approach consisting 104 

of surface-averaging potentiodynamic polarization measurements and the spatially-resolved 105 

scanning vibrating electrode technique (SVET). Post-mortem characterization of surface 106 

morphology and chemical composition was performed by scanning electron microscopy (SEM), 107 

and X-ray photoelectron spectroscopy (XPS). 108 

 109 

2. Experimental 110 

2.1. Synthesis and characterization of the new Schiff bases 111 

Sodium (E)-4-(nitrobenzylideneamino)-benzoate (SNBB), sodium (E)-4-112 

(benzylideneamino)-benzoate (SBB), and sodium (E)-4-(hydroxybenzylideneamino)-benzoate 113 

(SHBB), were synthesized using a two-step procedure. Firstly, the three Schiff base derivatives 114 

were synthesized by the condensation of 4-amino benzoic acid with a suitable benzaldehyde 115 

derivative. These compounds were subsequently converted to their sodium salt to obtain the 116 

target inhibitor molecules. According to a general procedure, (E)-4-(nitrobenzylidene-amino)-117 

benzoic acid (NBB) was synthesized by drop wise addition of a solution of 4-aminobenzoic acid 118 

(5.5 mmol, 0.754 g) in 15 mL ethanol to a stirring solution of 4-nitrobenzaldehyde (5.0 mmol, 119 

0.755 g) in 60 mL ethanol. The final solution was heated under reflux for 13 h producing a 120 

yellow precipitate. The reaction mixture was then allowed to cool while stirring, and poured into 121 

70 mL of cold water. The solid product (NBB, 86% yield) was filtered off and washed with cold 122 

ethanol, and then recrystallized from a mixture of acetone and toluene. (E)-4-(benzylidene-123 

amino)-benzoic acid (BB) and 4-[(E)-4-(hydroxy-benzylidene-amino)-benzoic acid (HBB) were 124 

synthesized by the same procedure, except that either benzaldehyde (5.0 mmol, 0.530 g) or 4-125 

hydroxybenzaldehyde (5.0 mmol, 0.611 g) in 3 mL ethanol were employed instead of 4-126 

nitrobenzaldehyde. In addition, 4 drops of acetic acid were added just before refluxing for 45 h. 127 

Finally, the solid product (BB, 60% yield) was filtered off after cooling the ethanolic solution. 128 

However, the mixture containing HBB was evaporated to dryness, and the remaining solid 129 

particles were washed with ethyl acetate (79% yield). Once purified, the resulting products were 130 

characterized by elemental chemical analysis, FT-IR and 1H NMR, before undertaking the 131 

second step of the synthetic route. 132 
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The deprotonation constant (pKa) of NBB and the stability constant of Fe2+-SNNB 133 

complexes were determined pH metrically by the Irving-Rossotti method [34] at room 134 

temperature. The following three solutions were prepared in total volume of 25 mL and titrated 135 

with NaOH standard solution 0.1 M at constant ionic strength (2×10-2 M NaClO4), namely, 136 

(Solution 1): 2.5 mL HClO4 (2×10-2 M) +2.5 mL NaClO4 (2×10-2 M), (Solution 2): Solution 1 + 137 

5 mL NBB (1×10-2 M), and (Solution 3): Solution 2 + 1 mL Fe2+ ion (1×10-2 M). 138 

Solutions containing the sodium salt of the Schiff base derivatives were prepared taking 139 

in account the corresponding pKa value for each species. A specific mole amount of each Schiff 140 

base was added to water and titrated with equal moles of sodium hydroxide. In brief, for the 141 

preparation of 10 mM solution of SNBB, 0.675 g (2.5 mmol) NBB was suspended in 50 mL 142 

water, then titrated with 50 mL sodium hydroxide solution (0.05 M) to attain pH = 7.0 (as the 143 

determined pKa value was 6.8), and the volume was made up to 250 mL by adding deionized 144 

water. The same procedure was employed for the preparation of 10 mM solution of SBB and 145 

SHBB, by using 0.563 g of BB and 0.603 g of HBB instead of NBB. 146 

 147 

2.2. Sample preparation and test electrolyte solution 148 

AISI 304 austenitic SS, with chemical composition (wt.%): Cr 18.529, Ni 8.545, Mn 149 

1.309, Si 0.331, Cu 0.303, C 0.063, P 0.036, S 0.025 and Fe balance, was used in this study. The 150 

metal was analyzed using ARUN METALSCAN 2500 Optical Emission Spectrometer. Two 151 

types of samples were prepared for the electrochemical tests. Conventional electrochemical 152 

testing was performed using disk shape specimens cut to approximately 1 cm2 area. The 153 

electrical connection was carried out by welding a Cu wire to the back part of the sample, before 154 

being cold mounted in epoxy resin. Consequently, only one face was exposed to the electrolyte. 155 

For the SVET tests, 304 SS sheets of 1 mm thickness were cut into 60 mm × 2 mm strips, and 156 

then embedded vertically in an insulating resin. To facilitate the electrical connections required 157 

for the application of a potentiostatic polarization, the metal strips were allowed to protrude at 158 

the rear part of the mount. Prior to each measurement, the samples were ground using a sequence 159 

of silicon carbide emery papers ranging from 240 to 2000 grit size, subsequently rinsed using 160 

Millipore deionized water and acetone, and finally dried under warm air flow. It should be noted 161 

that the surface laboratory condition applied in this study is different from typical industrial 162 

conditions, but it can provide a good starting point to the industrial use of these inhibitors. 163 
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The aqueous test solution (0.1 M NaCl) was prepared by dissolving the reagent-grade 164 

chemical in deionized water (Milli-Q ultrapure water quality, resistivity 18.2 MΩ cm). 165 

Different concentrations of the inhibitors, ranging from 1 to 10 mM, were added to the test 166 

solution. 167 

 168 

2.3. Electrochemical measurements  169 

Conventional electrochemical measurements were performed using an AMETEK 170 

potentiostat/galvanostat model PARSTAT 2263 controlled by PowerSuite software. A three-171 

electrode configuration was used with the 304 SS sample, a platinum ring, and the saturated 172 

calomel electrode (SCE, E0 = +0.240 VSHE) acting as the working (WE), counter (CE) and 173 

reference (RE) electrodes, respectively. The fresh surface of the WE was exposed to 250 mL of 174 

0.1 M NaCl solution, either in the presence or the absence of the inhibitors, under static aerated 175 

conditions at the laboratory temperature (25 ºC). Prior to potentiostatic polarization of the metal 176 

sample in the actual electrochemical measurement, the WE was immersed in the test electrolyte 177 

for 1 h until a stationary open circuit potential (OCP) was attained. Potentiodynamic polarization 178 

measurements were performed with the scan rate of 0.5 mV s-1. The potential scan was initiated 179 

from -0.25 V with respect to the OCP, by sweeping the potential in the positive direction until 180 

the current density exceeded 1 mA cm-2, which was then reversed to the negative direction, and 181 

repassivation was achieved with a crossing point at the repassivation potential. The 182 

measurements were performed in triplicate, and the average values are reported. The pitting 183 

potential (Epit) was determined from the anodic branch of the potentiodynamic polarization 184 

curves as the potential value where a sudden increase in the current density occurred [11]. 185 

Alternately, potentiostatic current transients were recorded on freshly prepared samples after 186 

OCP stabilization for 1 h by applying a potential step from Ecorr to +0.40 VSCE for 600 s. 187 

Scanning microelectrochemical characterization was performed using a SVET device 188 

manufactured by Applicable Electronics Inc. (Forestdale, MA, USA), which was controlled by 189 

dedicated software. The sensing probes were 10 µm Pt-Ir (80%-20%) wires insulated by paralene 190 

C® and arced at the tip to expose the metal. The wires were platinized under constant current 191 

operation to produce a spherical platinum black deposit of 10-20 µm diameter. A video camera 192 

coupled with an optical microscope was used to establish the distance between probe and 193 

sample, as well as to follow the movement of the electrode tip vibrating over the sample during 194 
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measurements. The mounted samples were surrounded laterally by Sellotape to create a small 195 

container on the sample under study, thus the electrolyte covered the sample by a ca. 8 mm 196 

liquid column. The electrochemical cell for SVET operation was completed by using the 197 

spherical platinized probe and a Pt wire as reference electrode. A reference measurement with 198 

the microelectrode away from the active area was subtracted from the values measured during 199 

the scan. The measurements were made with the probe vibrating in a plane perpendicular to the 200 

sample (vibration amplitude, 10 µm). The mean distance between the microelectrode and the 201 

sample surface was 50 µm. For the experiments under potentiostatic polarization conditions, an 202 

Ag/AgCl/(3 M) KCl reference electrode and a platinum ring counter electrode were added to the 203 

small electrochemical cell, whereas the exposed metal sample was connected as the WE. For the 204 

sake of consistency and ease of comparison, all the potential values mentioned in this work are 205 

expressed with regards to the SCE as reference. Electrochemical control was carried out using a 206 

potentiostat model 283 from EG&G Instruments. The SVET measurements were carried out at 207 

ambient temperature (nominally 25 °C) in an aqueous 0.1 M NaCl solution. 208 

 209 

 2.4. Surface characterization  210 

The effects of SNBB on the morphology and the surface composition of 304 SS samples 211 

were investigated both prior and after the application of the potentiostatic polarization described 212 

in Section 2.3. Surface characterization of the samples retrieved from the conditioning test 213 

solution was performed after being ultrasonically cleaned in ethanol. SEM was performed using 214 

a model JSM-5310 microscope from JEOL.  215 

XPS was performed using a Fisons MT500 spectrometer equipped with a hemispherical 216 

electron analyzer (CLAM2) and a non-monochromatic Mg Kα X-Ray source (E = 1253.6 eV) 217 

operated at 300 W. The samples were fixed on small flat discs supported on an XYZ manipulator 218 

placed inside the analysis chamber. The residual pressure in this ion-pumped analysis chamber 219 

was maintained below 10-8 torr during data acquisition. The spectra were collected under 220 

constant pass energy of 20 eV, which is typical of high-resolution conditions. Although sample 221 

charging was observed, it was possible to determine accurate binding energies by referencing to 222 

the adventitious C 1s peak at 285.0 eV. Three different emission angles (namely, 5, 20 and 45 223 

degrees) were used with the aim of investigating the chemical composition of the outermost 224 

regions of the surface layer. This method, known as angle resolved XPS (ARXPS), allows for the 225 
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non-destructive analysis of ultra-thin films without sputtering by varying the emission angle at 226 

which electrons are emitted from the surface. 227 

 228 

3. Results and discussion 229 

3.1. Chemical structure of the new Schiff base derivatives 230 

The chemical structures of the synthesized Schiff base derivatives were characterized 231 

using elemental analysis, FT-IR and 1H NMR characterizations. As an example, the element 232 

analysis for the NBB molecule is given in Table 1. The results confirm the molecular formula to 233 

be C14H10N2O4 (MW = 270.24 g mol-1). The FT-IR spectrum of this molecule (in KBr pellet) 234 

recorded from 400 to 4000 cm-1 is shown in Figure 1. Bands associated with the OH, C=O and 235 

C=N functional groups were observed at υmax (cm-1): 3500-2500 (OH), 1683 (C=O), 1601 (C=N). 236 

Therefore, the recorded FT-IR spectrum confirmed the presence in the NBB molecule of the 237 

expected functional groups [35-39]. The 1H NMR spectrum (500 MHz, chemical shift (δ) in 238 

ppm) of NBB in DMSO-d6 (CD3SOCD3) in Figure 2, displayed three bands, namely δ = 7.38-239 

8.38 ppm (4d, 8H, Ar-H); δ = 8.82 ppm (s, 1H, CH=N); and δ = 12.77 ppm (s, 1H, Acid-H). 240 

These results confirm the expected type and also the proton distribution in NBB molecule. 241 

Similar results were obtained for the BB and HBB molecules confirming their corresponding 242 

molecular formula. Table 2 summarizes the chemical structures and molecular weights of the 243 

three Schiff base derivatives synthesized in this work. 244 

 245 

3.2. Potentiometric characterization of the new Schiff base derivatives 246 

The pH-metric measurement method can be used to determine the stability constant of 247 

complexes whenever the formation of the complexes is considered to be due to the displacement 248 

of a proton from the ligand. The pKa of NBB and then the stability constants (logK1 and logK2) 249 

of Fe2+-SNNB complexes were determined pH-metrically. The ligand solution and the mixture 250 

of ligand and Fe2+ ion solutions were acidified with HClO4 and the ionic strength was kept 251 

constant with NaClO4 solution. The titration of the three solutions described in Section 2.1 was 252 

carried out at room temperature. The measured titration curves (pH vs. added volume of NaOH) 253 

are shown in Figure 3. 254 

The average number of protons associated with NBB, An , was calculated at different pH 255 

values using Irving-Rossotti equation [34]: 256 
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where γ is the number of dissociable protons (here γ = 1), N is the concentration of NaOH, V1 and 258 

V2 are the volume of NaOH added to reach the same pH in titration of Solutions 1 and 2, C0 and 259 

T0 are the concentration of sodium perchlorate and the ligand, respectively, and V0 is the initial 260 

volume of the reaction mixture (25 mL). The titration curve for the mixture HClO4 + SNBB 261 

shows only one inflection point, a feature indicating that there is only one acid group, and the 262 

proton dissociation constants for NBB (referred as HL) were determined using the following 263 

equation [40]: 264 
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The value of pK was determined using the half-integrated method by plotting An  vs. pH as it is 267 

shown in Figure 4, and it was found to be 6.8. 268 

In a similar manner, the metal ligand stability constants were determined pH-metrically 269 

as well. The related titration curve showed in Figure 3 and well separated from that for SNBB, 270 

thus confirming that the formation of the complex happened with the release of one proton [41].  271 

The formation curve of the complex was obtained from the n -pL plot, where n  is the average 272 

number of ligand attached per metal ion and pL is the free ligand exponent. The experimental  n  273 

values were determined using the following equation: 274 
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where N, C0, V0 and V2 have the same definitions as for Eq. (1), whereas V3 is the volume of 276 

NaOH in the metal titration to attain the given pH, and 0
mT   the initial concentration of the metal 277 

ion. It is observed that at pH = 2, free metal ions were present in 99% amount, and this 278 

percentage decreased gradually with increasing the pH of the solution until they attained an 279 

almost zero value at higher pH. This fact suggests that, with increasing pH of the solution, the 280 
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metal ions are distributed in ML species for all metal-ligand complex systems in the pH range. 281 

The reaction mechanism of complex equilibria could be as it follows: 282 

+ -HL H +L ,→←         (5) 283 

2 +M ML ,L+ − →+ ←         (6) 284 

ML ML .L+ − →+ ←         (7) 285 

The stability constants of the investated system have been evaluated by using the half-286 

integral method [34,42]. Although it was found that logK1 is bigger than logK2, respectively 287 

6.3125 and 5.2610, the difference is not sufficient to prevent the simultaneous formation of the 288 

Fe2+-SNBB complex. 289 

 290 

3.3. Potentiodynamic polarization measurements 291 

At first, the polarization behavior of 304 SS was examined in the presence of various 292 

concentrations of SNBB, and next, the effect of the functional group on the inhibition 293 

performance of the Schiff base was evaluated. For the sake of comparison and reproducibility, 294 

prior to applying potential in each electrochemical test, the WE was left unpolarized for 1 h in 295 

the corresponding test solution. Figure 5 shows the evolution of the OCP as a function of time 296 

for the 304 SS surface immersed in 0.1 M NaCl in the inhibitor-free solution and in the presence 297 

of different concentrations of SNBB (i.e., 1, 5, and 10 mM). It is observed that the OCP 298 

remained almost constant (around -0.16 VSCE) after 1 h of immersion in the absence of the 299 

inhibitor, while in the presence of inhibitor the variation of potential with respect to time (ΔE/Δt) 300 

was less than 10-5 V s-1 during the last 100 s, which is indicative of the steady state condition. 301 

Typical cyclic potentiodynamic polarization plots of 304 SS immersed in 0.1 M NaCl 302 

with various concentrations of SNBB are depicted in Figure 6. The establishment of well-defined 303 

passive regions at potentials more positive than the corresponding OCP is readily observable 304 

from the potentiodynamic polarization curves. The breakdown of the passive regime was 305 

monitored as an abrupt increase in the current density at sufficiently positive polarizations. The 306 

sharp increase of the current density values with the shift of potential was indicative of the 307 

occurrence of a stable pitting regime. The values of the pitting potential (Epit) were higher in the 308 

presence of SNBB and tended to increase with the concentration of inhibitor in the test solution. 309 
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The observed positive hysteresis loop confirms the occurrence of pitting corrosion. The potential 310 

at which the reverse scan crosses the forward one is defined as the repassivation potential (Erp). 311 

In addition to Epit and Erp, values of other relevant electrochemical parameters were extracted 312 

from the cyclic potentiodynamic polarization curves, namely the corrosion potential (Ecorr), the 313 

corrosion current density (jcorr), the passivation current density (jpass), and the width of the stable 314 

passive region (determined as Epit - Ecorr). These parameters are listed in Table 3 for SNBB as 315 

well as for SHBB and SBB (although they will be discussed later in this Section). They are given 316 

as the average values from three separate measurements along with their corresponding standard 317 

deviations. It is noteworthy that the addition of SNBB to the test solution produced no 318 

observable significant effect on the shape of the cyclic potentiodynamic polarization plots for 319 

potential values below the pitting potential of 304 SS in 0.1 M NaCl solution. That is, very small 320 

variations are observed among the values of the electrochemical parameters related to either 321 

general corrosion (i.e., Ecorr and jcorr) or the establishment of passivity (e.g., the passive current 322 

density, jpass) regardless of being measured in the absence or in the presence of this Schiff base. 323 

However, the addition of SNBB to the test solution resulted in an enlarged passive region for the 324 

steel, owing to the big shift in Epit values to more positive potentials, with a maximum shift of 325 

230 mV when the test solution contained 10 mM SNBB. It is well known that metals and alloys 326 

with wider stable passive regions and higher values of Epit are more resistant to pit nucleation 327 

[43]. Therefore, the results given in Table 3 demonstrate the ability of SNBB to enhance the 328 

pitting corrosion resistance of 304 SS in neutral NaCl solution. The effect of SNBB 329 

concentration on the shift of the pitting potential of 304 SS is more easily observed from an 330 

inspection of Figure 7. The increase in Epit with the concentration of inhibitor is readily 331 

observable, a feature that evidences the efficient inhibition performance of SNBB against pit 332 

nucleation on 304 SS in neutral chloride solution. However, it is clear from Figure 6 that the 333 

slope of the curves after pitting occurrence remained unchanged by varying the inhibitor 334 

concentration except for the addition of 10 mM SNBB. This means that the inhibitor did not 335 

affect pit growth for the smaller concentrations [22]. Therefore, the enhanced protection 336 

provided by SNBB to 304 SS must be related to pit nucleation. According to Table 3, Erp values 337 

were not modified by the presence of SNBB in the test solution, which means no effect on pit 338 

repassivation. Based on the extent of the hysteresis loop (cf. Figure 6), it can be concluded that, 339 

if a stable pit forms, its propagation would not be prevented in the presence of SNBB. In general, 340 
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it is almost impossible to prevent pitting growth due to the autocatalytic nature (self-stimulating 341 

and self-propagating process) of the pit continuing activity. This is supported by an excess of 342 

positive charge inside the pits which pulls chloride ions and promotes water hydrolysis 343 

originating a significant pH drop inside the pits [11,22].  344 

Next, the effect of the functional group on the inhibition performance of the Schiff bases 345 

was investigated by assessing the electrochemical behavior of two other similar molecules with 346 

different functional groups at the para- position of the aromatic aldehyde (SHBB and SBB). For 347 

the sake of comparison, a 10 mM concentration of the different inhibitors was added to a 0.1 M 348 

NaCl solution in separate experiments. The potentiodynamic polarization curves of 304 SS steel 349 

in these solutions are shown in Figure 8. The values of the electrochemical parameters extracted 350 

from these plots are summarized in Table 3. It was observed that rather small variations in these 351 

electrochemical parameters resulted from the change in the functional group attached to the 352 

terminal aromatic ring of the inhibitor molecule, thus supporting the fact that the nature of the 353 

functional groups attached to the aromatic aldehydes does not greatly modify the pitting 354 

corrosion inhibition mechanism of 304 SS in neutral chloride solution. Nevertheless, a more 355 

positive Epit value was determined in the case of SNBB. Therefore, SNBB was selected for 356 

further characterization so as to investigate the interaction of the SNBB molecule with the 357 

surface of this steel. 358 

 359 

3.4. Potentiostatic polarization and SEM characterization 360 

Chronoamperometric curves resulting from the application of a positive potential to the 361 

304 SS samples under potentiostatic polarization at +0.40 VSCE during immersion in 0.1 M NaCl 362 

solution with and without 10 mM SNBB were performed to investigate the susceptibility to 363 

passive layer breakdown of the oxide films formed on the alloy. This potential was selected as an 364 

intermediate compromise between the Epit values determined for the steel in the inhibitor-free 365 

solution and in the presence of the inhibitor. That is, chloride ions would promote the breakdown 366 

of the oxide layer, pit nucleation and stable growth in the absence of an efficient pitting 367 

corrosion inhibitor, whereas passive layer growth would be the only relevant electrochemical 368 

contribution to current flow in the electrochemical cell in the case of efficient inhibition. Figure 7 369 

shows typical current density versus time curves of 304 SS samples under potentiostatic 370 

polarization at +0.40 VSCE during immersion in 0.1 M NaCl solution with and without the 371 
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addition of 10 mM SNBB. Current density values initially decreased with the elapse of time, 372 

eventually leading to the establishment of an apparent stationary passive current density value 373 

both in the presence and in the absence of SNBB. However, after about 120 s the current density 374 

recorded for the sample exposed to the inhibitor-free test solution increased due to metal 375 

dissolution resulting from the nucleation and growth of corrosion pits. By contrast, the current 376 

density transient recorded in the presence of SNBB stayed constant during the remaining time of 377 

the experiment (i.e., up to 600 s), providing solid evidence of the steel resistance against pit 378 

formation. It may be of interest for future studies to extend the testing time beyond 600 s. 379 

Chronoamperometric data were supported by SEM characterization of the 304 SS 380 

samples after potentiostatic polarization at +0.40 VSCE for 600 s, both in the absence and in the 381 

presence of 10 mM SNBB in 0.1 M NaCl solution. Typical micrographs from each case are 382 

displayed in Figure 10. Figure 10a shows that the surface of the SS was extensively attacked, 383 

with several pits randomly distributed across the surface. By contrast, no localized attack was 384 

observed after polarization in the presence of 10 mM SNBB despite the application of an anodic 385 

potentiostatic pulse to the metal for 600 s (see Figure 10b). These results support the ability of 386 

SNBB to inhibit pitting corrosion for stainless steel in neutral chloride solution. 387 

 388 

3.5. Scanning vibrating electrode technique 389 

Although the conventional electrochemical tests described in the previous sections 390 

allowed the superior performance of SNBB to prevent the onset of pitting corrosion of 304 SS in 391 

neutral NaCl solution, the recorded data only provide an average characterization of the material. 392 

In order to further investigate the pitting inhibition performance of SNBB in aqueous chloride 393 

solution from spatially-resolved measurements in the micrometric scale, this system was also 394 

investigated using SVET. SVET is based upon the measurement of potential gradients in the 395 

electrolyte phase surrounding an electrochemically-active surface. A vibrating pseudo-reference 396 

electrode was employed to scan the metal surface. Therefore, unlike conventional 397 

electrochemical tests which give only an average response of the reactivity of the whole 398 

electrode surface, SVET can synthesize data concerning the eventual establishment of local 399 

nanometric and/or micrometric cells on an active surface depending on the sample to probe 400 

height [44-47]. 401 
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Figure 11 shows SVET images recorded over 304 SS sheets after 60 min immersion in 402 

0.1 M NaCl under open circuit using SVET. These graphs only display the background noise 403 

signals related to self-passivation of the metal surface in the electrolyte when the samples were 404 

kept unbiased in the test solutions regardless of whether the inhibitor was present or not. That is, 405 

no effect of SNBB on the local reactivity of 304 stainless steel sheets towards localized passivity 406 

breakdown at the micrometer scale could be distinguished by recording ionic current density 407 

maps over SS samples left at their corresponding OCP. Such featureless behavior is in agreement 408 

with previous characterizations of stainless steel samples subjected to diverse surface treatments 409 

for enhanced corrosion protection when they were imaged using SVET during immersion in 410 

aqueous chloride solution at their OCP [48,49].  411 

Therefore, the application of an anodic polarization to the metal samples for 412 

electrochemical activation of the immersed surfaces was considered next. Firstly, a potentiostatic 413 

polarization step at +0.40 VSCE was applied to the 304 SS samples immersed in the chloride 414 

solution both in the absence and the presence of SNBB. The resulting ionic current density 415 

distributions are displayed in Figure 12 for each solution. In the inhibitor-free solution, the SVET 416 

maps showed distributions of a highly localized and intense anodic electrochemical activity 417 

occurring on the upper side of the image, therefore occurring at a certain specific area on the 418 

exposed surface of the stainless steel (cf. Figure 12a). This high ionic current density arose from 419 

the active dissolution of the steel that released metal cations into the electrolyte solution from a 420 

propagating corrosion pit. An additional relevant feature is the observation of a rather extended 421 

cathodic area on the steel’s surface proximal to the corrosion pit (evidenced by the blue-colored 422 

region). Although the use of a potentiostat for the application of an anodic potential to the steel 423 

sample would cause the corresponding cathodic processes to occur at the auxiliary electrode, 424 

effectively remote from the corroding sample, some cathodic activity would still be sustained on 425 

the steel surface immediately adjacent to the fast propagating corrosion pit. Indeed, the total 426 

ionic currents related to the cathodic half-cell reaction for oxygen reduction on the steel surface 427 

only amounted to approximately one-tenth of those related to the anodic metal dissolution. 428 

Despite such an imbalance, the local cathodic activity adjacent to the corroding pit would 429 

account for the alkalization of the electrolyte volume adjacent to the metal surface, thus favoring 430 

the precipitation of iron oxy-hydroxides. The development of a corrosion pit and the 431 

precipitation of corrosion products in the proximity of the corroding pit was further confirmed by 432 
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the optical image recorded using the in-built video camera in the SVET set-up (also shown in 433 

Figure 12a). Whereas most of the steel surface remained almost unchanged, the onset of metal 434 

dissolution and corrosion products precipitation mostly occurred around the nucleated corrosion 435 

pit.  436 

A very different SVET image was obtained for the 304 SS sample polarized in the test 437 

solution containing SNBB compared to the results obtained at its OCP. In this case, the SVET 438 

map displayed an ionic current distribution that was almost completely featureless except for the 439 

occurrence of four very small anodic peaks slightly above the background noise signal. Indeed, it 440 

should be noted that the ionic current density range of Figure 12b is 25 times smaller than the 441 

corresponding one exhibited in Figure 12a, and almost comparable to those shown in Figure 11. 442 

In addition, it should also be observed that these four anodic current peaks were almost one-443 

dimensional in shape, since they developed along the current recording scan line, but could not 444 

be found when the vibrating probe passed again above the same sites on the surface while 445 

recording the following scan line. Since the time taken to complete a scan line of the exposed 446 

surface is much longer than the average lifetime of a metastable pit, these anodic current density 447 

peaks disappeared in the next scan line. Therefore, these anodic ionic current density peaks were 448 

of a very short duration, and could be attributed to the initiation and subsequent repassivation of 449 

metastable pits. These results are in agreement with the observations derived from 450 

potentiodynamic polarization curves that showed that the anodic polarization at +0.40 VSCE lied 451 

within the passive region of 304 SS in the presence of SNBB (cf. Figure 6 and Table 3). That is, 452 

the potential applied to the sample is more negative than Epit of stainless steel in 0.1 M NaCl 453 

containing 10 mM SNBB. The visual appearance of the stainless steel surfaces at the end of 454 

SVET test in Figure 12 confirms the high performance of SNBB on inhibition of pitting 455 

corrosion of 304 SS in neutral chloride-containing solutions, where an intact metal surface was 456 

imaged using the video camera despite the anodic polarization applied to the sample. 457 

The detection of metastable pit nucleation and repassivation using the SVET occurred for 458 

the steel sample left unpolarized during immersion in 0.1 M NaCl that was shown in Figure 11a. 459 

In fact, various short-lived anodic peaks could also be observed in this SVET map, indicating 460 

that minute breakdown events related to metastable pitting occurred on 304 SS immersed in 461 

neutral aerated NaCl solution even under open circuit conditions. Conversely, no similar events 462 

could be observed when the SS sample was immersed in the test solution containing SNBB (cf. 463 
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Figure 11b). The in situ imaging of metastable pitting events on 304 SS in aqueous chloride 464 

solution under OCP conditions using SVET is a very noteworthy observation from this work, a 465 

feature only described thus far using high resolution scanning electrochemical microscopy 466 

(SECM) in the generation-collection amperometric operation mode, and when this material was 467 

exposed to a more aggressive environment of 0.1 M HCl [49]. In contrast, the associated 468 

cathodic process could not be detected this time because of the combined effect of the larger tip-469 

sample distance required for the operation of the vibrating probe in SVET compared to the 470 

stagnant Pt microdisk tip employed in SECM, that implies a wider spot size for SVET, and the 471 

very minute ionic currents involved in the process this time. That is, since the anode to cathode 472 

distance is smaller than the height of the vibrating probe scanning over the sample, the current 473 

flux lines arising from a larger cathodic area do not cross the plane of scan [50]. Consequently, 474 

the associated cathodic process could not be resolved above the background noise signal. On the 475 

other hand, the observation of resolved metastable pitting events at the OCP in 0.1 M NaCl 476 

solution and their absence in the solution containing SNBB is an indication that the corrosion 477 

inhibition action of SNBB for 304 SS operates by preventing passive layer breakdown even at 478 

the initial pit nucleation stage. Although these are short-lived breakdown events, selective iron 479 

dissolution occurs at these sites [51], leading to local Cr enrichment in the corresponding sites. 480 

Therefore, SNBB has been shown to operate already under OCP conditions, although the very 481 

low breakdown frequency occurring in a potential range well below the corresponding Epit value 482 

neither allow such minute localized breakdowns to be resolved at the level of the recorded 483 

potentiodynamic polarization curves (see Section 3.3) nor to produce an observable chemical 484 

composition modification as observed by XPS (cf. XPS analysis of Sample code III in Section 485 

3.6 below). Therefore, the power of combining conventional and scanning microelectrochemical 486 

techniques for the characterization of this metal-inhibitor system has proven to provide valuable 487 

complementary information that was not accessible using exclusively one kind of experimental 488 

approach. 489 

Finally, with a further increase of the applied anodic potential up to +0.50 VSCE, an 490 

intense and localized corrosion attack happened on the 304 stainless steel strip even in the 491 

presence of SNBB (Figure 13) due to the establishment of a stable pitting corrosion regime. 492 

Although most of the metal dissolution originated from the corrosion pit developed on the upper 493 

right part of the map, the earlier stages of another nucleated pit can be observed in a more central 494 
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location. In this case, no cathodic sites could be observed on the corroding surface due to the 495 

higher driving force to produce the cathodic reactions at the auxiliary electrode. As a result, less 496 

alkalization of the electrolyte volume could occur during the rather short duration of the SVET 497 

measurements, resulting in the visualization of the corrosion pit without precipitation of 498 

corrosion products in its neighborhood according to the optical micrograph shown in Figure 13. 499 

Although some precipitates of corrosion products were still visible in the micrograph, they were 500 

mainly randomly distributed over the exposed steel sample in this case. 501 

It must be noticed that, if another type of localized corrosion (i.e., crevice corrosion) had 502 

occurred in the specimen, the SVET would be able to detect it, as well as to show how SNBB 503 

could greatly hinder it. 504 

 505 

3.6. XPS analysis 506 

The inhibitive action of SNBB to prevent the initiation of pitting corrosion on 304 SS in 507 

neutral 0.1 M NaCl solution was further investigated using XPS. This provided information on 508 

the chemical composition of the inhibited metal surface compared to that of the uninhibited 509 

metal. Four different conditionings were applied to the steel samples for XPS analysis as 510 

described in Table 4. They were selected so as to replicate the various conditions that could be 511 

experienced by a steel surface in the different situations considered in this work. Thus, chemical 512 

information was gathered on the surface of pristine metal (sample I), on the surface film 513 

spontaneously formed on the metal under OCP conditions both in the absence (sample II) and in 514 

the presence (sample III) of the inhibitor in the test solution, and on some local yellow points 515 

detected on the sample surface subjected to anodic polarization (+0.45 VSCE) in the presence of 516 

SNBB (sample IV). In addition, the XPS spectra were collected by analyzing, for each given spot 517 

site at different emission angles (namely, 5, 20, and 45 degrees), the corresponding spectra to 518 

obtain information on the in-depth distribution of the chemical elements and their oxidation 519 

states. The total sampling depth of the XPS measurement is given by the following equation: d = 520 

3λ cos θ; where λ is the attenuation length of electrons in the polymer film and θ the angle 521 

between the analyzer and the surface normal direction (i.e. emission angle) [52,53]. XPS 522 

measurements were performed at three different locations on each sample for the sake of 523 

reproducibility.  524 
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As a representative illustration, Figure 14 shows the high-resolution spectra of Fe 2p3/2, 525 

Cr 2p3/2, Ni 2p3/2, N 1s, C 1s, and O 1s. All high-resolution spectra shown in Figure 14 were 526 

recorded at an emission angle of 5 degrees in the case of sample II, with the exception of that 527 

corresponding to N 1s that was recorded at the same emission angle but in sample IV as this was 528 

the only sample that showed a clear signal for N 1s. The high-resolution Fe 2p3/2 signal in Figure 529 

14a was deconvoluted into four peaks corresponding to the oxidation states 0, +2 and +3 of iron, 530 

the latter presenting two separable peaks for Fe2O3 and FeOOH, respectively. In the case of 531 

chromium, only oxidation states 0 and +3 were observed, accounting for the three deconvoluted 532 

peaks shown in Figure 14b. Analogously, two oxidation states were also found for Ni 2p3/2 in 533 

Figure 14c. As mentioned before, sample IV was the only one showing an unambiguous signal 534 

for N 1s, thus demonstrating the occurrence of a specific metal-inhibitor interaction in this case. 535 

Finally, the C 1s spectrum exhibited three peaks corresponding to aliphatic and to oxygenated 536 

carbon bonds, whereas the O 1s spectrum was not sufficiently resolved as to allow the 537 

unambiguous separation of the contributions from Fe, Cr and Ni oxy-hydroxides.  538 

The influence of the inhibitor on the composition of the surface oxide layers, developed 539 

on stainless steel, could be better ascertained from an inspection of Figure 15. In this case, the 540 

atomic concentrations of the oxide components of Fe, Cr and Ni were plotted as a function of the 541 

emission angle for the four samples under investigation. It is observed that the amount of 542 

oxidized Fe showed the highest values for samples I and II, but decreased in the presence of the 543 

inhibitor. Furthermore, a significant decrease in Fe content was observed for the previously 544 

polarized sample (i.e., sample IV). In the case of Cr, the oxide percentage showed the highest 545 

values for samples II and IV, which exhibited very similar behavior. It is interesting to note the 546 

differences observed between the sample in the presence of the inhibitor and in the absence of 547 

polarization with the one that was previously polarized. For Ni, samples I and II showed a 548 

similar amount of Ni-oxides in the passive layer, but this amount decreased in the presence of the 549 

inhibitor, and it was not detected after polarization (sample IV).  550 

In order to evaluate changes in the oxide layer composition, the cationic fractions of Cr 551 

and Fe are plotted in Figure 16 as a function of the emission angle. The cationic fraction was 552 

calculated as the ratio between the oxide components of a given element divided by the sum of 553 

all the metallic oxide components detected in the passive film. For instance, the cationic fraction 554 

of Cr was Cr(ox)/[Cr(ox)+Fe(ox)+Ni(ox)]. It is observed that for the reference sample (i.e., 555 
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sample I) the oxide layer was mainly composed of oxidized species of Fe; whereas Cr oxides 556 

showed the greatest contribution after anodic polarization, becoming the main component of the 557 

passive layer. For samples II and III, Figure 16 shows that at an emission angle of 45 degrees 558 

(i.e. the outermost part of the surface layer), the majority of the passive film (about 65%) was 559 

composed of oxidized species of Fe while Cr-oxides contributed about a 30%. Note that 560 

passivity of stainless steels is usually attributed to the presence of oxidized species of Cr in the 561 

surface layer. Therefore, the efficient pitting corrosion inhibition provided by the SNBB to 562 

anodically polarized 304 SS arose from the chemical interaction of this organic compound with 563 

an enriched Cr environment. According to these results, it is proposed here that the pitting 564 

corrosion inhibition provided by SNBB to the anodically polarized 304 SS is associated with the 565 

occurrence of an enriched Cr film during anodic polarization, and this organic molecule would 566 

preferentially interact with this Cr-rich layer. The measurable signal for N in sample IV provides 567 

evidence for the occurrence of a specific metal-inhibitor interaction (i.e., chemical adsorption).  568 

 569 

3.7. Mechanism of pitting corrosion inhibition 570 

Since the breakdown of passive film is promoted by adsorption of aggressive anions such 571 

as chloride (especially at high potentials), inhibition of pit nucleation can be commonly achieved 572 

by reducing the extent of aggressive anion adsorption on the passive film surface through 573 

competitive adsorption of other chemical species. The relationship between the pit nucleation 574 

potential (Epit) and the concentration of the inhibitor (Cinh) is given by [22]: 575 









+=
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pit log
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CbaE           (8) 576 

where CA is the concentration of aggressive anion (chloride ions) which is constant in this study. 577 

As observed from Figure 17, there is not a linear relation between Epit and log(Cinh-1). Thus, the 578 

competitive adsorption of the SNBB molecules with chloride ions and the subsequent removal of 579 

chloride ions from the electrode surface cannot be considered to be the dominant mechanism 580 

here [54].  581 

An alternate inhibition mechanism for pit nucleation is pore plugging as proposed by 582 

Evans [55]. According to this theory, the inhibitor repairs the weak points (pores) created in the 583 

passive film. The breakdown starts at the pores in the passive film of SS giving rise to strong 584 

local release of Fe cations. Since the SNBB molecule is a strong chelator and can form stable 585 
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chelates with the Fe(II) ions [33], the SNBB molecules may migrate to these sites to react with 586 

the Fe ions and form chelates (with stability constants logK1 = 6.3125 and logK2 = 5.2610) which 587 

will deposit finally at these sites and eventually plug them [22,52].  588 

It should be noticed that the Evans’ theory does not provide a complete explanation of the 589 

action of inhibitor. In some instances, it is suggested that the inhibitive effect is exerted through a 590 

relatively labile adsorption on the oxide surface rather than irreversible incorporation into the 591 

pores of oxide film [56]. On the other hand, for the organic molecules, it is believed that they just 592 

screen the pores presented in the passive film after adsorption, in preference to aggressive ions 593 

[54].  594 

 595 

4. Conclusions 596 

In this study, the pitting corrosion susceptibility of the austenitic 304 stainless steel in 597 

neutral chloride-containing solution and its inhibition using Schiff base compounds was 598 

characterized using a powerful combination of multiscale electrochemical and surface analytical 599 

techniques. The following findings can be summarized:  600 

 Novel Schiff base compounds have been synthesized to operate as pitting corrosion inhibitors 601 

for austenitic 304 stainless steel in neutral chloride-containing solution, and their chemical 602 

structures were characterized using elemental analysis, FT-IR and 1H NMR.  603 

 The use of conventional electrochemical characterization methods provided solid evidence 604 

that the inhibitive action of these molecules produced big shifts of the pitting potential of 304 605 

SS in 0.1 M NaCl towards more positive values, thus leading to the establishment of a more 606 

extensive passive regime for this material.  607 

 Changes in group functionality at the terminal aromatic ring of the inhibitor did not produce 608 

major changes in the inhibition efficiency of the corresponding Schiff base compound, 609 

although the best inhibition performance was provided by SNBB in terms of both wider 610 

potential region of stable passive regime, and more positive pitting potentials. 611 

 The enhanced pitting resistance of stainless steel 304 obtained by the presence of SNBB 612 

could be attributed to pore plugging of the passive film. In the inhibitor-free solution, the 613 

SVET maps show how electrochemical activity develops on the surface of the material 614 

resulting from localized breakdown of the passive layer, as either metastable or stable pitting 615 

depending on the electrical state of the steel sample. However, in the presence of SNBB, the 616 
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SVET images reveal only the limited local anodic activity at some points due to the 617 

formation of metastable pits at anodic polarizations above the Epit value of the steel in the 618 

inhibitor-free solution. Moreover, SNBB prevents metastable pitting, which indicates that the 619 

corrosion inhibition action of this inhibitor prevents passive layer breakdown at the initial pit 620 

nucleation step. The onset of pitting in the SNBB-treated steel required a further increase of 621 

the anodic potential to +0.50 VSCE, that is, above the corresponding Epit value in this solution.  622 

 Major chromium enrichment in the surface oxide film occurred under anodic polarization 623 

conditions both in the presence and the absence of the inhibitor. Angle resolved XPS 624 

measurement showed that chromium enrichment progressed into the bulk of the oxide film, 625 

and did not occur exclusively at its outermost layer. Because the 304 stainless steel is in the 626 

passive state, the concentration of the iron ions released in solution is limited unless sudden 627 

dissolution of the passive film due to localized breakdown occurs at sufficiently anodic 628 

polarization. That is, significant iron dissolution happened at anodic potentials where the 629 

oxy-hydroxide passive layer of stainless steel became unstable in the presence of chloride 630 

ions, although pitting nucleation was prevented by the formation of iron-SNBB chelates that 631 

precipitate at these sites and block them.  632 
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 800 

 801 

Figure 1. FT-IR spectrum of synthesized of (E)-4-(nitrobenzylidene-amino)-benzoic acid 802 

(NBB). 803 

804 
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 805 

 806 

Figure 2. 1H NMR spectrum of synthesized of (E)-4-(nitrobenzylidene-amino)-benzoic acid 807 

(NBB). 808 

809 
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 810 

 811 

Figure 3. pH titration plots recorded for Solutions 1-3 (ionic strength 1 M) at 25 ºC. 812 

 813 
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 815 

 816 

Figure 4. Determination of the deprotonating constant (pKa) of NBB using the half integral 817 

method. 818 

 819 
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 821 

 822 

Figure 5. Variation of the open circuit potential (OCP) with time of 304 stainless steel immersed 823 

in 0.1 M NaCl solution containing different concentrations of sodium (E)-4-(nitrobenzylidene-824 

amino)-benzoate (SNBB). 825 

 826 

827 



33 
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 829 

 830 

Figure 6. Cyclic potentiodynamic polarization curves of 304 SS immersed in 0.1 M NaCl 831 

containing different concentrations of SNBB. Scan rate, 0.5 mV s−1. 832 
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Figure 7. Variation of the pitting potential (Epit) of 304 SS with concentration of SNBB in 0.1 M 836 

NaCl solution. 837 
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Figure 8. Potentiodynamic polarization curves of 304 SS immersed in 0.1 M NaCl containing 840 

0.01 M of different inhibitors at 25 ºC. Scan rate, 0.5 mV s−1. 841 
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 843 

Figure 9. Potentiostatic polarization tests performed at +0.40 VSCE in 0.1 M NaCl + x M SNBB 844 

(x = 0, 0.01) solution at 25 ºC. 845 
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 848 

 849 

Figure 10. SEM characterization of 304 SS samples retrieved after recording the potentiostatic 850 

polarization curves of Figure 9. Test solution: (a) 0.1 M NaCl, and (b) 0.1 M NaCl + 0.01 M 851 

SNBB. 852 

 853 
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 854 

Figure 11. SVET images and optical micrographs of 304 stainless steel strips immersed in (a) 855 

0.1 M NaCl, and (b) 0.1 M NaCl + 10 mM SNBB. The samples were left at their corresponding 856 

OCP values in the electrolyte for 60 min before starting to record the SVET images. Tip-857 

substrate distance: 50 µm. 858 
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 861 

Figure 12. SVET images and optical micrographs of 304 stainless steel strips immersed in (a) 862 

0.1 M NaCl, and (b) 0.1 M NaCl + 10 mM SNBB while anodically polarized at +0.40 VSCE. 863 

Prior to imaging, the samples were left at their corresponding OCP values in the electrolyte for 864 

60 min. Tip-substrate distance: 50 µm. 865 
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 868 

Figure 13. SVET images and optical micrograph of a 304 stainless steel strip immersed in (b) 869 

0.1 M NaCl + 10 mM SNBB while anodically polarized at +0.50 VSCE. Prior to imaging, the 870 

sample was left at its corresponding OCP value in the test electrolyte for 60 min. Tip-substrate 871 

distance: 50 µm. 872 
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 875 

Figure 14. Deconvoluted Fe 2p3/2, Cr 2p3/2, Ni 2p3/2, N 1s, C 1s, and O 1s XPS spectra of 304 876 

stainless steel after 1 h immersion in 0.1 M NaCl solution followed by potentiostatic polarization 877 

at +0.45 VSCE for 600 s (sample code IV). All high-resolution spectra shown were recorded at a 878 

emission angle of 5 degrees on sample II, with the exception of N 1s that was recorded at the 879 

same emission angle but on sample IV (i.e., the only sample that showed an unambiguous signal 880 

for N 1s). 881 
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Figure 15. Variation of the oxide component (in at.%) for (a) Fe, (b) Cr, and (c) Ni, with the 885 

emission angle of XPS spectra for samples indicated in Table 4. The percentages are the 886 

contribution of the oxide species to the total amount of each element. 887 
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Figure 16. Variation of the oxide layer composition, expressed as the cationic fractions of (a) Cr 891 

and (b) Fe, with the emission angle of XPS spectra for samples indicated in Table 4. 892 
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 895 

Figure 17. Relationship between Epit and log(Cinh-1) for 304 stainless steel immersed in 0.1 M 896 

NaCl + 10 mM SNBB solution. 897 
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Table 1. Chemical composition of synthesized of (E)-4-(nitrobenzylidene-amino)-benzoic acid 900 

(NBB) 901 

 Element / wt.% 

C H N 

Calculated 62.22 3.73 10.37 

Observed 62.55 3.87 10.20 

 902 

 903 

 904 

Table 2. IUPAC names, structures, and molecular weights of the three synthesized inhibitors. 905 

IUPAC name Structure Abbreviation 

Molecular 

weight 

/ g mol−1 

Sodium (E)-4-

(nitrobenzylidene-amino)-

benzoate 
 

SNBB 292.22 

Sodium (E)-4-(benzylidene-

amino)-benzoate 
 

SBB 247.22 

Sodium (E)-4-

(hydroxybenzylidene-amino)-

benzoate 
 

SHBB 263.22 

 906 

907 
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Table 3. Electrochemical parameters obtained from the potentiodynamic polarization results of 908 

304 SS immersed in 0.1 M NaCl containing different concentrations of the synthesized inhibitors 909 

at 25 ºC. 910 

Inhibitor 

cinh / 

mM 

Ecorr / 

mVSCE 

jcorr / 

µA cm-2 

Epit / 

mVSCE 

Erp / 

mVSCE 

jpass / 

µA cm-2 

Width of the 

passive 

region / mV 

-- 0 -171 ± 13 0.25 ± 0.01 265 ± 15 -70 ± 10 2.24 ± 0.02 436 ± 20 

SNBB 1 -156 ± 18 0.13 ± 0.01 365 ± 18 -62 ± 12 2.48 ± 0.01 521 ± 25 

SNBB 5 -173 ± 11 0.12 ± 0.02 385 ± 14 -97 ± 08 3.09 ± 0.01 558 ± 18 

SNBB 10 -146 ± 11 0.10 ± 0.01 493 ± 23 -70 ± 12 3.24 ± 0.01 639 ± 25 

SHBB 10 -144 ± 19 0.13 ± 0.02 480 ± 21 -68 ± 11 2.91 ± 0.01 624 ± 28 

SBB 10 -146 ± 13 0.14 ± 0.01 469 ± 32 -81 ± 15 2.24 ± 0.02 615 ± 35 

 911 

 912 

 913 

Table 4. Surface conditioning of the 304 SS samples characterized by XPS. 914 

Sample codes Treatment procedure 

I Without treatment 

II 1 h immersion in 0.1 M NaCl  

III 1 h immersion in 0.1 M NaCl + 10 mM SNBB 

IV 1 h immersion in 0.1 M NaCl + 10 mM SNBB, 

followed by potentiostatic polarisation at E = +0.45 

VSCE during 600 s in the same solution 

 915 


